We demonstrate an on-chip sub-wavelength "acoustic antenna" composed of magnetostrictive nanomagnets deposited on a piezoelectric substrate and placed in contact with a platinum nanostrip. Passage of alternating current through the nanostrip exerts alternating spin-orbit torque on the nanomagnets and periodically flips their magnetizations. During the flipping, the nanomagnets expand and contract, thereby setting up alternating tensile and compressive strain in the piezoelectric substrate underneath. This leads to the generation of a surface acoustic wave. The measured radiation efficiency of the acoustic antenna is ~1%
INTRODUCTION
There is a strong interest in generating electromagnetic waves by flipping the magnetization of nanomagnets with various means (e.g. strain), resulting in an electromagnetic antenna [1] [2] [3] [4] [5] . These antennas can be far smaller than the wavelength of the electromagnetic waves they emit and yet they radiate with reasonable efficiency. One reason that they have been preferred is because they are immune to the so-called "platform effect". When a traditional antenna that is actuated by a charge current is placed at a short distance above a conducting plane, a current flows in the opposite direction in that plane. This is called the platform effect which reduces the radiation efficiency by offsetting the radiation of the antenna. In the case of nanomagnetic antennas, no charge current has to pass through the nanomagnets to generate the radiation and that eliminates the platform effect. Their sub-wavelength feature is also attractive. In the high frequency band (3 MHz -30 MHz), the wavelength of electromagnetic wave is 10 m to 100 m. A traditional dipole antenna radiating at this frequency will have to have a size on the order to 1 m to be sufficiently efficient. However, the nanomagnetic antenna can have a size of few m and yet be as efficient as a dipole antenna since it operates on a different principle.
In most of the recent work with nanomagnetic antennas that emit electromagnetic waves, the nanomagnets have been have been magnetostrictive and their magnetizations have been flipped with alternating strain generated, e.g. with an acoustic wave. A bulk acoustic wave mediated multiferroic antenna was recently proposed in [1] . In the analysis, it was shown that there is little electromagnetic radiation when the mechanical strain in the magnetostrictive layer is small. However, in the presence of significant strain, the emitted electromagnetic radiation is appreciable. Ref. [2] compared strain powered piezo-magnetic antennas to conventional electrical antennas and showed that appropriate design with high relative permittivity, strong piezo coupling and a high mechanical quality factor could lead to radiation efficiency superior to that of equally sized electric dipole antennas. Further improvement can be achieved by matching mechanical resonance to the ferromagnetic resonance. Experimentally, two types of antennas -nanoplate resonator (NPR) and film bulk acoustic resonators (FBAR) -were fabricated [3] . These antennas have different resonance modes, providing a frequency range between tens of MHz and few GHz. Series and parallel arrays of such antennas were also studied which showed enhanced gain and bandwidth. These strain based electromagnetic antennas have dimensions considerably smaller than the wavelength of the emitted radiation and are therefore suitable for in vivo biological implantation [4, 5] . They are preferred in these applications because they are immune to the platform effect and the magnetic near fields emanating from such antennas interact weakly with biological tissues.
In this letter, we demonstrate a different type of antenna where an alternating charge current, passed through a heavy metal (Pt) strip that is in contact with an array of nanomagnets, produces alternating spin-orbit torque on the nanomagnets because of the giant spin Hall effect in Pt. As long as the period of the alternating charge current exceeds the time required to rotate the magnetization of the nanomagnets through a significant angle, the magnetizations of the nanomagnets will rotate (or flip) periodically with sufficient amplitude and emit an electromagnetic wave. More importantly, if the nanomagnets are magnetostrictive, then they will periodically expand and contact when their magnetizations are rotating, assuming they are not clamped by the Pt strip. If the nanomagnets are deposited on a piezoelectric substrate, then their periodic expansion/contraction will generate a periodic strain in the underlying piezoelectric, leading to the propagation of a surface acoustic wave (SAW) in the substrate that can be detected with interdigitated transducers (IDT). This is the principle of the acoustic antenna. The generated surface acoustic wave will typically be a polychromatic wave, but the IDTs will filter out a particular frequency (their own resonant frequency) and detect that frequency component most efficiently. The measured efficiency of radiation will be the product of the efficiency of SAW generation by the nanomagnets and the efficiency of detection by the IDT. Since these two efficiencies may peak at different frequencies of the alternating charge current, we would not be able to detect the maximum radiation efficiency, but we will be able to detect the efficiencies at frequencies close to the resonant frequencies of the IDTs, which is what we have done in this work.
The proposed acoustic antenna is shown schematically in Fig. 1 . The nanomagnets are fabricated with a ledge (as shown in the inset) which is placed underneath a platinum nanostrip. The bulk of the nanomagnet is outside the strip and hence its expansion/contraction is not clamped by the nanostrip.
When a charge current is injected into the nanostrip, the top and bottom surfaces become spin-polarized because of the giant spin Hall effect in Pt. The polarizations of spins in either surface will depend on the direction of the current. The accumulated spins in the bottom surface of the nanostrip will diffuse into the "ledges" and from there into the nanomagnets, which will exert a spin-orbit torque on the latter and rotate their magnetizations. If we reverse the direction of the injected charge current, then that will reverse the spin polarization of the bottom surface of the nanostrip and hence rotate the magnetizations of the nanomagnets in the opposite direction. Thus, if we pass an alternating current through the nanostrip, we can rotate or flip the magnetizations of the nanomagnets periodically, as long as the frequency of the current is considerably smaller than the inverse of the spin flip times of the nanomagnets. This alternating rotation will emit an electromagnetic wave, not unlike spin torque nano-oscillators [6, 7] , and hence the system will act as an electromagnetic antenna. At the same time, the nanomagnets will periodically expand and contract because they are magnetostrictive. This will generate periodic strain in the piezoelectric substrate and set up a SAW that can be detected with IDTs. Thus, this system acts as a dual electromagnetic and acoustic antenna. Here, we have investigated only the acoustic antenna functionality.
II. EXPERIMENTAL SECTION Materials and Methods:
The nanomagnets and Pt strip were fabricated on a 128 0 Y-cut LiNbO 3 substrate. The substrate was spincoated with bilayer PMMA e-beam resists of different molecular weights to obtain good undercut: PMMA 495 diluted 4% by volume in Anisole, followed by PMMA 950 also diluted 4% by volume in Anisole. The spin coating was carried out at a spin rate of 2500 rpm. The resists were subsequently baked at 110 0 Celsius for 5 min. Next, electron-beam lithography was performed using a Hitachi SU-70 scanning electron microscope (at an accelerating voltage of 30 kV and 60 pA beam current) with a Nabity NPGS lithography attachment. Finally, the resists were developed in MIBK−IPA (1:3) for 270 s followed by a cold IPA rinse.
For nanomagnet delineation, a 5 nm thick Ti adhesion layer was first deposited on the patterned substrate using e-beam evaporation at a base pressure of ∼2 × 10 −7
Torr, followed by the deposition of Co. Pt was deposited similarly. The lift-off was carried out using Remover PG solution.
In Fig. 2(a) , we show the pattern of the acoustic antenna and in Fig. 2(b) , we show a scanning electron micrograph of the fabricated nanomagnets. The nanomagnets are rectangular with long dimension ~250 nm, short dimension ~200 nm and the ledge length is ~100 nm. The ledge has a "Gaussian" shape and the full width at half maximum is ~70 nm. In Fig. 3 , we show scanning electron micrographs of the Pt line and nanomagnet assembly. The nanomagnets expand or contract as they transition between the two orientations and that generates a surface acoustic wave in the piezoelectric substrate which can be detected by interdigitated transducers delineated on the substrate. 
III. RESULTS AND DISCUSSION
In Fig. 4 , we show the oscilloscope traces of the sinusoidal voltage applied across the Pt lines to actuate the acoustic antenna via spin-orbit torque and the voltage detected at the interdigitated transducers (IDT). We show this plot for two frequencies, 3.63 MHz which is the resonant frequency of the IDT, and 6.87 MHz.
Traces for a few other frequencies can be found in the Supporting Information.
The resistance of the Pt lines varied between 98 ohms and 108 ohms from sample to sample. Therefore, the resistance is on the order of 100 ohms. For the case in Fig. 4(a) , the input voltage of 11.25 V peak-to-zero will produce a current of 112.5 mA peak-to-zero in the Pt strip. The strip has a length of 15 m, width 1 m and thickness 200 nm. Therefore, the peak current density in the Pt nanostrip is , which should be well above the critical current density needed to produce sufficient spin-orbit torque. In the case of Fig. 4(b) , the input voltage of 12.85 V peak-to-zero produced a peak-to-zero current of 125.8 mA in the Pt strip, resulting in a peak-to-zero current density of The input power to produce the acoustic radiation detected by the IDTs is calculated as 2 2 in Pt V R where V in is the peak-to-zero input voltage and R Pt is the Pt line resistance. For the case in Fig. 4(a) , this quantity is 633 mW, while for the case in Fig. 4(b) , it is 825 mW.
In order to calculate the radiation efficiency, we have to know the power in the acoustic wave that has been produced. The power carried by an acoustic wave of amplitude is given by [8] 2 0 1 2
where y 0 is the characteristic admittance of the SAW line and has a value of Neglecting capacitive and inductive effects, the voltage V out detected at the IDT is related to the SAW
where  is the response function of an IDT operating in the transmitting mode. For our system, this quantity was calculated in ref. [9] as approximately 2. Hence, for the case shown in Fig. 4(a) , = 0.9 V peak-tozero and for that shown in Fig. 4(b) , = 1.6 V peak-to-zero. Therefore, from Equation (2), the SAW power produced in the two cases are 3.4 mW and 10.7 mW, respectively. The corresponding efficiencies of SAW production are 0.54% and 1.3%, respectively. These numbers are approximate because of some simplifying assumptions such as neglecting inductive and capacitive effects. One important question that needs to be resolved before proceeding further is whether the output voltage detected at the IDT (shown in Fig. 4 ) could be due to direct electromagnetic pick up from the input. This, however, could never have produced the phase shifts (time delay) seen between the input and output signals in Fig. 4 . The measured distance between the input and output ports is ~6 mm and the time t that it would take an electromagnetic wave to traverse this distance is 20 ps. At a frequency f of 3.63 MHz (Fig. 4a) , this would produce a phase lag of 2 f t   = smaller than what is observed. For an acoustic wave with a velocity 5 orders of magnitude smaller than electromagnetic waves, the phase shift at this frequency will be 45.6 radians = 14 + 1.62 radians. When the modulo 2 value of this phase shift is taken, this is 1.62 radians. The observed phase shift is about 2.2 radians which is much closer to the acoustic phase shift than the electromagnetic phase shift. This gives us confidence that the detected signal is not due to electromagnetic pick up.
Finally, it should be obvious that had we used the IDT as the input port and the two terminals of the Pt strip as output ports, then an oscillating signal applied at the input port would have, in principle, also produced an output signal because of reciprocity [10] . The input signal at the IDT will launch a SAW in the substrate, which will periodically rotate the magnetizations of the magnetostrictive nanomagnets owing to the Villari effect. This will result in periodic spin pumping into the Pt line, resulting in an alternating spin current which will be converted into a charge current by the inverse spin Hall effect. However, to observe the reciprocal effect, the design should be such that sufficient spin pumping can occur. We intentionally designed the structure to work optimally as an acoustic antenna, which is why we designed the nanomagnets with "ledges" to avoid clamping. The flip side of this is that it precludes sufficient spin pumping because a small section of the nanomagnets are in contact with the Pt strip. Therefore, the reciprocal effect will be small in our structure and probably outside the detection limit of our equipment.
IV. CONCLUSION
In conclusion, we have demonstrated an acoustic antenna actuated by the spin-orbit torque from a heavy metal. This results in the conversion of photons in the input (low-frequency electromagnetic) alternating signal applied to the Pt strip to magnons via the spin Hall effect and then to phonons in the surface acoustic wave via magneto-elastic coupling, which are finally detected at the IDT. Because of this three-step conversion, the overall conversion efficiency is relatively small (~1%). This phenomenon is the converse of that reported in refs. [1] [2] [3] [4] [5] which converted phonons to magnons to photons. Ref. [10] reported a similar phenomenon of converting spin current to phonons, but not in the context of an antenna, although the physics is similar.
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